A response surface methodology (RSM) applying central composite design with rotatable full factorial (14 non-center and six center points) was used to discern the effect of granular activated carbon (GAC), sand and pH on total trihalomethanes (TTHMs) and humic acid (HA) removal from drinking water.
INTRODUCTION
Chlorination of drinking water containing dissolved organic matter (DOM), mainly humic acids (HAs) and fulvic acids (FAs) results in disinfection by-products (DBPs) formation (Radian et al. ) , mainly total trihalomethanes (TTHMs) e.g. chloroform (CHCl 3 ), bromodichloromethane (CHCl 2-Br), dibromochloromethane (CHClBr 2 ), and bromoform (CHBr 3 ). These TTHMs cause kidney, liver cancer, central nervous system damage and miscarriages (Zewdu ) .
TTHMs formation in potable water supplies led tighter regulatory control; hence there is a need for proper trihalomethane (THM) management. Besides TTHMs, DOM removal is itself desirable due to color, taste/odor problems; because it is a biofilm formation accelerator (Rezaee et al.
) and interferes with water treatment.
Water treatment plants remove a specified percentage of DOM to reduce TTHM formation potential in the treatment process and in distribution systems (Lekkas et al. ) . But THMs are hydrophobic and have low molecular weight, making them difficult to remove by most physiochemical processes (Zewdu ) . Nano-filtration membranes and reverse osmosis also showed potential in removing THMs (Uyak et al. ) . However, their application in developing countries is still limited due to the high costs of the membranes and pumping. Therefore adsorption technologies are still widely applied to efficiently remove organic and inorganic pollutant. Among them, granular activated carbon (GAC) adsorption is an effective barrier against many dissolved organic contaminants. Due to the large surface area, being the most influential, inducing not only surface charge on GAC but degree of ionization of contaminant (ElHaddad et al. ). Hong () reported that TTHM adsorption on GAC increased with decreasing pH from 8.5 to 5.5.
GAC adsorption efficiency has also been reported to vary from chlorinated species to brominated species. The brominated THM compounds were removed more significantly than chlorinated THM compounds resulting from the stronger adsorption bonds between the brominated species and GAC (Babi et al. ) . GAC and sand has also been investigated for TTHMs and their precursor's removal and GAC and sand as a dual media, with 30 cm GAC and 90 cm sand depth showed 87% TTHM removal (Mohammed et al. ) .
Although GAC and sand adsorption individually as well as in dual media is reported, their isotherms fitted well but due to the complicity of contaminants, absorber media and treatment processes, the effect of various factors on a process design, performance and their optimization can better be understood by application of mathematical models. These models could establish a mathematical relationship between interacting variables and the resulting responses (TTHM and total organic carbon (TOC) removal). So the specific objectives of this study were: (a) to evaluate the performance of GAC and sand dual media with variable pH for TTHMs ' and their precursors' removal, (b) to optimize the process using response surface methodology (RSM) and its subsequent modeling for better water distribution system management.
MATERIALS AND METHODS

Design of experiment by RSM
RSM was applied for optimization of three effective parameters, i.e. GAC and sand column depths and pH. It Design Expert (DX, Version 9; Stat Ease Inc., Minneapolis, USA) was used for optimum independent parameter design in relation to dependent responses. The design of the experiment consisted of a rotatable full factorial (14 noncenter and six center points) with various levels of each factor viz. -α, À1, 0, þ1 and þα (Table 1) with 20 experimental runs ( Table 3 ). The experimental sequence was randomized to minimize the effect of uncontrolled factors (Salman ) . All experiments were performed according to statistical designs to develop predictive regression models used for optimization.
Determination of surface characteristics of GAC Specific surface area, particle size and volume of GAC were determined through Brunauer-Emmett-Teller (BET) analysis by low temperature nitrogen adsorption method using a Micromeritics ASAP 2420 Accelerated Surface Area and Porosimetry System. A scanning electron microscope (SEM) (JEOL JSM-6480LV)) was used for GAC surface morphology.
Standards and reagents
Prepared TTHM standards (Supelco) with 99.9% purity (5,000 μg/ml) dissolved in methanol were used with fluorobenzene (2,000 μg/ml) as internal standard. Stock solution of HA (Sigma-Aldrich) and commercial sodium hypochlorite (10.5%) were freshly prepared and applied as per experimental requirement.
Rapid small scale column test
A fixed bed adsorption system consisting of a small-scale TTHMs was fed to the column in a downward direction.
Samples were collected with a peristaltic pump through silicon tubing from inlet and outlet at different GAC and sand column depths, as shown in Table 3 . Water pH, temperature and free residual chlorine were measured immediately after sampling by DPD-FAS titrimetric method (APHA ) using a Spectroquant Picco colorimeter while TOC was analyzed by TOC analyzer (Shimazdu, TOC-L).
TTHM extraction and analysis
TTHM extraction was performed by liquid-liquid extraction using Methyl-tert-butyl ether (MtBE; Sigma-Aldrich). In 6 ml of water sample, 0.45 g sodium sulfate (anhydrous) was added, to enhance organic layer separation, and mixed vigorously for 30 sec followed by addition of 1 ml MtBE, mixed on a vortex mixer for 90 sec and left undisturbed for 160 sec.
Gas chromatography/mass spectroscopy (GC/MS) (Model Claurus 500, Perkin Elmer) with a column (Restek Rxi-5 ms, 30 m × 0.25 mmID) was used for TTHM detection/quantification. GC analytical conditions were: oven temperature was 50 W C for 5 min; temperature ramp was from 50 to 180 W C at the rate of 6 W C /min, injection volume: 1 μl.
The percent removal of TTHMs and TOC was calculated as below:
where C in is concentration of TTHMs (μg/L) and TOC (mg/L) in influent water, while C eff is concentration of TTHMs (μg/L) and TOC (mg/L) in effluent water respectively after a known length of column. Table 3 .
It was observed that GAC absorbance was comparatively more significant for TTHMs and TOC than sand. In the case of the 10 cm sand column alone, TOC removal was 5.2%, while TTHM removal was 2.1% (Run 20). It doubled, i.e. to 12.6% for TOC when GAC of the same column depth was used (Run 14), while TTHM removal was also significantly increased up to 89.0% (Table 3) 
Statistical data analysis for GAC removal
Data competence and significance of the model was assessed by analysis of variance (ANOVA) (Chowdhury et al. ) . A significant quadratic model was fitted with a p value of 0.0486 with GAC column depth being the most significant factor (p ¼ 0.0117) ( showed that the model was well defined to predict the TTHM removal within the range of variables applied.
Efficiency of sand for the TOC removal
The adsorption of TTHMs and HA on sand occurs due to the bonding between oxygen atoms on the sand surface and the hydroxyl radical present on TTHMs and HA (Site ).
The 3-D surface plots depicted TOC removal behavior by GAC While in Figure 4 (b) GAC demonstrated a linear effect for TOC removal as by increasing GAC column depth, TOC removal increased proportionally. Therefore it was evaluated that the sand column showed a less efficient effect on TOC removal as compared to GAC.
Statistical data analysis for TOC removal
In the case of TOC removal, a linear model was fitted to data which was significant (p ¼ 0.0018) with GAC column depth again the most significant factor (p ¼ 0.011) ( Table 5 ). The R 2 Zewdu () reported that chlorine reduction occurred in the top few centimetres of GAC column, while the present study showed that for residual chlorine removal, both the GAC and sand column were more or less equally effective and a substantial part of it was removed from the feed water.
The Pareto chart of variables
To observe the contribution of the most significant factor towards effective removal of TTHMs, TOC and residual chlorine, a Pareto chart of variables was plotted, (Figure 6 ). Here bar lengths are proportional to value of 
Numerical and graphical optimization
Process optimization is important in determining values of factors for which response is at a maximum (Sagbas ) by solving a regression equation. So removal efficiency became an objective function or performance index called the desirability function (D), whose value closer to 1 is considered fair enough. For numerical optimization, the goal is to optimize all variables together for a numeric value for collective response (percent TTHM and TOC removal).
Numerical optimization was done for maximum removal of TTHMs, TOC and residual chlorine with minimum GAC and sand column depth (0 to 20 cm) and an optimized pH (pH 5.32 to 8.68) (ranges given in Table 1 ). This will reduce capital costs related to columns and operational costs related to pH correction. The top row in Figure 8 
CONCLUSIONS AND RECOMMENDATIONS
The present study was conducted to optimize and model various factors for maximum TTHM removal from water using GAC and sand dual media using RSM coupled with CCD. 
